The maglev vibration isolation system exhibits excellent micro-vibration isolation performance (0.01 Hz to 100 Hz band) in the space environment. However, a collision between the base and the floating platform may occur in an ultra-low frequency range (≤0.01 Hz). To avoid collision, the relative position and attitude between the base and the floating platform needs to be accurately tracked and controlled. In this study, a novel measurement method with four groups of two-dimensional position-sensitive detectors equipped with four laser light sources was proposed. A high-precision relative position and attitude measurement model was established based on the geometric relationship of space coordinates. A proportional-differential (PD) fixed-point control algorithm was adopted to realize tracking control. The control performance of the system was evaluated through simulation. Experiments were also carried out to verify the stability of the system and the precision of the control algorithm. A maglev vibration isolation system prototype was constructed and a test system was established. The proposed relative position and attitude measurement model was verified and the six degrees of freedom relative position and attitude response of the system was tested. Based on the measurement model, the tracking control of the system was proven to have high precision.
Introduction
Scientific activities in spacecrafts have been gaining an increasing amount of attention because of the almost zero-gravity environment [1] . However, the spacecraft suffers from various disturbances, which may come from sunlight pressure, atmospheric drag, the orbit changing, and so on [2, 3] . These disturbances are known as micro-vibrations, and they have a great impact on the precision of space activities. How micro-vibrations can be isolated effectively has become an important research topic.
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where, c = cos() and s = sin(). Considering the small attitude motion between the base and the platform in a maglev vibration isolation system, the transformation matrix can be simplified as:
The transformation matrix from the photosensitive surface of PSD to the base coordinate system has been defined as C pi (i = 1, 2, 3, 4). According to the installation orientation of each PSD, four transformation matrices can be written as: 
To simplify the analysis process, the platform coordinate system is assumed to overlap with the base coordinate system at the initial state. In the base coordinate system, the relative position between the base and the platform after vibration is defined as r (   r = T x y z ), and the position vector from the origin of the base coordinate system to the photosensitive centroid of the PSD is defined as
. In the platform coordinate system, the position vector from the light source to the photosensitive part of the PSD is defined as p i (i = 1, 2, 3, 4). The position vector from the origin of the platform coordinate system to the light source is defined as s i (i = 1, 2, 3, 4). In the PSD coordinate system, the position vector from the origin of the PSD to the light spot is defined as d i (i = 1, 2, 3, 4). Among those vectors, R i and d i (i = 1, 2, 3, 4) can be actually measured by PSD. According to the position relationship between different spatial geometric vectors, Equation (4) can be obtained and transformed in the platform coordinate system.
As four PSDs were used in the model, the position vectors R i , p i , s i , and d i (i = 1, 2, 3, 4) can be expressed in matrix form as follows. The transformation matrix from the base coordinate system to the platform coordinate system has been defined as C. The Euler attitudes are represented by θ x , θ y , and θ z , respectively. The transformation matrix can be derived as shown in Equation (1),
−cθ y sθ z sθ y sθ x sθ y cθ z + sθ z cθ x cθ x cθ z − sθ x sθ y sθ z −sθ x cθ y sθ z sθ x − cθ x sθ y cθ z cθ x sθ y sθ z + cθ z sθ x cθ x cθ y
where, c = cos() and s = sin().
Considering the small attitude motion between the base and the platform in a maglev vibration isolation system, the transformation matrix can be simplified as:
The transformation matrix from the photosensitive surface of PSD to the base coordinate system has been defined as C pi (i = 1, 2, 3, 4). According to the installation orientation of each PSD, four transformation matrices can be written as:
To simplify the analysis process, the platform coordinate system is assumed to overlap with the base coordinate system at the initial state. In the base coordinate system, the relative position between the base and the platform after vibration is defined as r (r = x y z T ), and the position vector from the origin of the base coordinate system to the photosensitive centroid of the PSD is defined as R i (i = 1, 2, 3, 4). In the platform coordinate system, the position vector from the light source to the photosensitive part of the PSD is defined as p i (i = 1, 2, 3, 4). The position vector from the origin of the platform coordinate system to the light source is defined as s i (i = 1, 2, 3, 4). In the PSD coordinate system, the position vector from the origin of the PSD to the light spot is defined as d i (i = 1, 2, 3, 4). Among those vectors, R i and d i (i = 1, 2, 3, 4) can be actually measured by PSD. According to the position relationship between different spatial geometric vectors, Equation (4) can be obtained and transformed in the platform coordinate system.
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As four PSDs were used in the model, the position vectors R i , p i , s i , and d i (i = 1, 2, 3, 4) can be expressed in matrix form as follows.
The following equations can be obtained by substituting Equations (5)- (8) into Equation (4) .
Equation (13) can be derived by substituting Equation (2) into Equations (9)- (12) .
Equation (14) can be obtained by solving Equation (13) . (14) can be transformed into matrix form, as
where
Then, Equation (16) 
Then, the calculation formulae of the relative position between the base and the platform can be obtained as
Similarly, by solving Equations (13), the relative attitude between the base and the platform can be obtained as
Tracking Control of the Maglev Vibration Isolation System
Tracking control of the maglev vibration isolation system was studied based on the measurement model. A state space column matrix was defined as X = x y z θ x θ y θ z T , which consists of the relative position [xyz] T and the relative attitude θ x θ y θ z T of the system. The equations of motion for the maglev vibration isolation platform can be written as
where M x is the mass matrix of the system, C x is the damping matrix, K x is the stiffness matrix, F d is the total external disturbing force matrix, and F u is the active control force matrix exerted on the platform. In order to achieve motion tracking, the target value of the relative displacement X 0 between the base and the platform should be a constant C 0 , associated with system parameters. The target value of the relative velocity . X 0 and the relative acceleration .. X 0 should be 0. Defining e p as the relative displacement error, it can then be expressed as
Therefore, the relative velocity error and the relative acceleration error can be written as
..
Equation (20a-c) can be transformed as
.
Substituting Equation (21a-c) into Equation (19) , the equation of motion of the maglev vibration isolation system can be transformed as
The active control force based on a PD-fixed control algorithm is defined as
where K d is the differential coefficient and K p is the proportionality coefficient. Then, Equation (22) can be reduced to
M x
A Lyapunov function is defined as
The matrix M x and K p are positive definites, and V is globally positive. Then, the differential of V yields
Based on the small attitude hypothesis and Equation (22), Equation (24) can be written as
In order to decrease the control quantities exponentially, the damping ratio of the system is required to be greater than or equal to 1. Therefore, it can be obtained that e p ≡ 0 into Equation (22) , it can be simplified as K x +K p e p = 0. As K x and K p are positive definites, then e p ≡ 0. According to LaSalle's theorem, e p , . e p ≡ 0, 0 is the globally asymptotically stable equilibrium point, which enables any inertial condition to reach the target [34] .
A control program was constructed in MATLAB/SIMULINK to simulate the tracking performance of the six DOF maglev vibration isolation system. Sinusoidal disturbance with a frequency of 0.01 Hz and amplitude of 3 mm was assumed to be exerted on the base along the Z axis. Relative motions with and without tracking control along and around Z direction are shown in Figures 4 and 5 , respectively. It can be seen that the relative displacement, relative velocity, and relative acceleration between the base and the platform approach zero quickly in a very short period of time, indicating that the maglev vibration isolation system has good tracking performance at 0.01 Hz.
Figures 4 and 5, respectively. It can be seen that the relative displacement, relative velocity, and relative acceleration between the base and the platform approach zero quickly in a very short period of time, indicating that the maglev vibration isolation system has good tracking performance at 0.01 Hz. 
Experiments
Experiments were conducted to evaluate the validity of the above model. A prototype of the maglev vibration isolation platform was manufactured. The mass and moment of inertia of the manufactured floating platform are listed in Table 1 . In addition, the identified force constants, the equivalent stiffness matrix, and the damping matrix were identified as shown in Tables 2 and 3 , respectively. The Lorentz forces can be obtained by multiplying force constants with currents. The experimental device is shown in Figure 6 . The base of the maglev vibration isolation prototype was fixed by the installation module. A laser displacement sensor (KEYENCE LK-H025) equipped with an acquisition module was used to measure the displacement of the platform. The light spot of the laser displacement sensor was focused on the center of the platform. Four two-dimensional PSDs (DL400-7-PCBA) were installed onto the base, and four light sources (LDM635-5LT) were fixed onto the floating platform. The layout of the PSDs is shown in Figure 7 . Hz. 
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Description
/Kg·m 2 0.1005 Jyz/Kg·m 2 0 Jzz/Kg·m 2 0.195
Verification of the Relative Position Measurement Model
The floating platform was pushed back and forth along the X axis, Y axis, and Z axis, respectively. During the movement, the displacement of the spot on the photosensitive surface was measured by PSDs. The motion information between the base and the platform was calculated by the relative position measurement model. To verify the proposed measurement model, a laser displacement sensor was used to measure the displacement of the floating platform. A comparison of the test results of the PSD and laser displacement sensor is shown in Figure 8 . 
The floating platform was pushed back and forth along the X axis, Y axis, and Z axis, respectively. During the movement, the displacement of the spot on the photosensitive surface was measured by PSDs. The motion information between the base and the platform was calculated by the relative position measurement model. To verify the proposed measurement model, a laser displacement sensor was used to measure the displacement of the floating platform. A comparison of the test results of the PSD and laser displacement sensor is shown in Figure 8 .
of the test results of the PSD and laser displacement sensor is shown in Figure 8 . As the reciprocating movement process of the floating platform is relatively random and the installation precision requirement of laser displacement sensor is not high, measuring errors exist. The maximum error between the calculated results based on PSDs and the laser displacement sensor is shown in Table 4 . In general, the position change trend and the amplitude of the results of two kinds of sensors are consistent, proving that the relative position measurement model is accurate. 
Relative Position and Attitude Dynamic Response Test
According to the proposed tracking control law of the maglev vibration isolation system, the dynamic response of relative position and attitude can be obtained. The physical zero of the photosensitive surface of the PSD was set as the target zero. Then, the PD parameters of the control law were adjusted by trying from small to large. The proportionality coefficient of each DOF was set as 60 and the differential coefficient of each DOF was set as 180. The floating platform could move As the reciprocating movement process of the floating platform is relatively random and the installation precision requirement of laser displacement sensor is not high, measuring errors exist. The maximum error between the calculated results based on PSDs and the laser displacement sensor is shown in Table 4 . In general, the position change trend and the amplitude of the results of two kinds of sensors are consistent, proving that the relative position measurement model is accurate. 
According to the proposed tracking control law of the maglev vibration isolation system, the dynamic response of relative position and attitude can be obtained. The physical zero of the photosensitive surface of the PSD was set as the target zero. Then, the PD parameters of the control law were adjusted by trying from small to large. The proportionality coefficient of each DOF was set as 60 and the differential coefficient of each DOF was set as 180. The floating platform could move from the initial position to the target position under the control of eight actuators. According to the proposed measurement model, the response results of the relative position and attitude could be calculated. It can be seen in Figure 9 that the relative position and attitude of the maglev vibration isolation system can reach the target position within 1 to 2 s, and the overshoot is small. The steady-state response errors along and around the X axis, Y axis, and Z axis are 13.85 µm, 16.27 µm, 10.55 µm, 108.3 µrad, 143.21 µrad, and 103.4 µrad, respectively. The results indicate that the system can quickly reach the target under tracking control based on the measurement model. calculated. It can be seen in Figure 9 that the relative position and attitude of the maglev vibration isolation system can reach the target position within 1 to 2 s, and the overshoot is small. The steadystate response errors along and around the X axis, Y axis, and Z axis are 13.85 μm, 16.27 μm, 10.55 μm, 108.3 μrad, 143.21 μrad, and 103.4 μrad, respectively. The results indicate that the system can quickly reach the target under tracking control based on the measurement model. The acquisition resolution of the PSDs was tested in a static state, and the data was compared with the steady-state response results from 5 to 15 s (Figure 10 ). The control resolution of the six DOFs is consistent with the acquisition resolution in the static state, which confirmed that the tracking control has high precision. The acquisition resolution of the PSDs was tested in a static state, and the data was compared with the steady-state response results from 5 to 15 s (Figure 10 ). The control resolution of the six DOFs is consistent with the acquisition resolution in the static state, which confirmed that the tracking control has high precision. The root mean square errors between the steady-state response and acquisition resolution are listed in Table 5 , and the maximum root mean square error is 0.0187. The tracking control is proven to have high precision as the control resolution of six DOFs is consistent with the acquisition resolution in the static state. Along X Along Y Along Z Around X Around Y Around Z The root mean square errors between the steady-state response and acquisition resolution are listed in Table 5 , and the maximum root mean square error is 0.0187. The tracking control is proven to have high precision as the control resolution of six DOFs is consistent with the acquisition resolution in the static state. 
Conclusions
In this paper, a novel measurement method with four groups of two-dimensional PSDs equipped with four laser light sources has been proposed. According to the geometric relationship of space coordinates, three DOF relative positions and three DOF attitude measurement models of maglev vibration isolation systems were developed. A tracking control model of the maglev vibration isolation system based on the measurement model was also established. A control program was developed, and the tracking performance was simulated when the disturbing frequency was 0.01 Hz. The simulation results showed that the system had excellent tracking performance. A prototype of the maglev vibration isolation system was manufactured and experiments were conducted to verify the proposed measurement model. By comparing the test results of the laser displacement sensor and PSDs, it could be concluded that the relative position and attitude measurement model is accurate. The dynamic response of the maglev vibration isolation system shows that, based on the proposed measurement model, the tracking control has high precision.
